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Abstract: Energy requirements have increased dramatically due to industrialization, economic, and
population growth. To meet this demand, and solve its challenges, such as climate change, renewable
energies do play an important role. This research work aims at selecting the best renewable energy
projects using a hybrid decision-making framework from environmental, economic, technical, and
social aspects at a sub-national level. In this regard, a new hybrid fuzzy multi-criteria decision-making
model is deployed in which Vise Kriterijumska Optimizacija I Kompromisno Resenje, distance from
average solution, and additive ratio assessment methods are used. In addition, for the weighing of
criteria, Fuzzy Shannon’s entropy is used. Furthermore, the North Khorasan province is nominated
as a sub-national study area. The results show that among 30 sub-criteria, social acceptance, net-
presented cost, and noise were the top three with weights of 0.1105, 0.1003, and 0.0988, respectively.
Solar energy projects also accomplished high ranks with an overall score of roughly 0.22. After that,
small hydropower got second place with a score of 0.187. Moreover, the ranking of cities indicates
that Jajarm was the most suitable location for implementing renewable energy development with
a score of 0.14. Finally, sensitivity analysis was carried out to show that the mathematical model
possessed good robustness.

Keywords: sustainability development; renewable energy; ranking; multi-criteria decision-making;
fuzzy theory

1. Introduction

To achieve the Sustainable Development Goals (SDGs) set by the United Nations (UN),
the years between 2020 to 2030 are the most important and critical periods [1]. One of
the objectives of this vision is the seventh goal, entitled “Ensure access to affordable, reliable,
sustainable, and modern energy for all”, which includes the three subsets of ensuring universal
access to energy services, increasing the share of renewable energy (RE) in the energy
basket, and increasing international cooperation to promote the technical level related
to energy [2]. According to these definitions and the presented overall vision, RE can
play a main role in achieving these goals by 2030, as RE is directly related not only to the
seventh goal, but also to the other goals of the international program [3]. For instance, RE
sources (RES) can help remote communities to obtain clean energy for cooking because it is
abundant in the region [3].
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On the other hand, the world will be confronted with two major crises: environmental
pollution from the combustion of fossil fuels and the accelerated use of these fossil fuels
due to widespread population growth and industrialization [4,5]. If nations want optimal
and sustainable development without compromising the ability of future generations,
it is necessary to follow the two policies of energy consumption management and the
diversification of the energy supply system [6,7]. RESs have been known as the most
effective tool for reducing greenhouse gas emissions and improving the recently intensified
climate change challenge [8]. In the coming years, the share of electricity generation from
RE, compared to the total electricity production in the world, will increase significantly as
it is highly reliable, economic, efficient, inexhaustible, highly available in a local capacity,
and clean [9]. It is expected that RE will increase from 25% of electricity generation (in
2017), to 85% by 2050 [8]. However, this development requires new approaches for power
supply system planning, market operations, and major policy codification [10,11].

Although the role of energy policy is essential to mitigate challenges, policy making
in the field of RESs differs in different countries because requirements and targets for the
development of RES are different [12,13]. While plenty of policies have been applied to
increase the use of RES in different sectors in many countries, and they have created many
spatial variables, there are also geographical and local differences in the distribution of
RESs [14–16]. Therefore, the sub-nation is being increasingly introduced as an important
step towards the development of RE [17] and it has also become an important issue and
regional concern because these resources are recognized as key solutions to environmental
challenges and the acceleration of economic growth on a local scale [18,19]. The provincial-
level (state-level) is considered the main governance scale in which many responsibilities
have been shouldered and policies have been implemented [18]. Achieving the upstream
goals of RE development requires the proper design and implementation of projects at
the sub-national level, such as provinces and states, and their cities [20]. Therefore, the
provinces (states) have a fundamental role in achieving the national, and consequently
international, vision goals.

However, at the sub-national level, as decision variables become more diverse, smaller,
and more uncertain [21], local organizations may also have conflicting interests [22]. There-
fore, to solve the multidimensional problem of the potential measurement of RE technolo-
gies for the region, an appropriate decision-making framework should be selected to solve
all dimensions of the problem in more detail and manage conflicts of interest [23].

Iran, with the production of 1.7% of all world’s greenhouse gases, is ranked first
in the Middle East and is also among the top 10 exhaust fume emitting countries in the
world [24]. Under the Paris Climate Change Agreement, by 2030 Iran has pledged to reduce
its greenhouse gas emissions by 4% unconditionally and by 12% if sanctions are lifted [24].
If Iran plans to limit its greenhouse gas concentrations up to 450 ppm equivalent to carbon
dioxide based on scenario 450 [25], new eco-friendly policies should be set to safeguard the
environment. Roughly one-third of the greenhouse gas emissions shared in this country
are associated with the electricity generation sector. Therefore, using renewable energy
could be one of the best options to reduce greenhouse gases in the country [26]. However,
according to the Renewable Energy and Energy Efficiency Organization (SATBA)’s report
in October 2020, 838.18 MW of renewable energy had been installed [27]. Despites this,
Iran possesses favorable geography for RESs and a high potential from them due to the
country’s location in the solar belt [28]. Therefore, North Khorasan province, one of the
youngest provinces in Iran, was selected as a study area [29]. This province, with a GDP of
0.6 % and an area of 28,434 square kilometers, is ranked 30th among 31 provinces in terms
of development [30].

2. Literature Review

After identifying the candidates for RESs at the sub-national level and determining
the relevant criteria [31,32], the ranking and selection of the most appropriate alternatives
to these problems were raised [33]. Since the selection of the best RE option among a set of
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candidates is based on conflicting criteria and has geographical, technical, economic, social,
and environmental dimensions, a multi-criteria decision-making (MCDM) method was
used [33,34]. MCDM methods can simultaneously consider all conflicting criteria, conflicts
of interest between actors, and the lack of sufficient and correct information, eventually
solving issues easily [35].

There have been numerous research papers related to implementing solar energy
for different purposes [36–39]. Among the various models of MCDM, fuzzy models are
used to make the decision environment more realistic, minimize existing uncertainties and
obtain more reliable and accurate results [40–42]. For example, [43] it has been proven that
issues related to RE are caused by problems with insufficient data and uncertainty [33],
suggesting that fuzzy theory mode can be used to solve such problems. Moreover, while a
group of decision-makers applies different and diverse opinions, FMCDM is appropriate
to manage the conflicts of interest to achieve the final result [44]. However, all MCDMs
have their advantages and disadvantages, and it is not possible to say which one is the
most appropriate [45]. Therefore, to take advantage of different methods and cover their
disadvantages, hybrid methods (HFMCDM) have been used [46].

As mentioned above, the current research has utilized a two-phase framework, in
which, high RE potential locations are satisfied during the first phase. In the second phase,
using a new trigonometric HFMCDM, one of the most common fuzzy methods [47], the
RE candidates selected in the previous phase were ranked. In the HFMCDM method,
during the first stage, a trigonometric fuzzy decision-making matrix (TFDM) was formed
by interviewing eight experts based on the proposed constraints, with a range of linguis-
tic variables [48]. In the next step, using the fuzzy Shannon’s entropy method [49], the
nominated criteria were weighed. In the third step, RE candidates were scored through
the multi-objective optimization based on ratio analysis (MOORA) [50], Vise Kriterijum-
ska Optimizacija I Kompromisno Resenje (VIKOR) [48], distance from average solution
(EDAS) [51], and additive ratio assessment (ARAS) [52] techniques in the fuzzy state. In
the last step, by normalizing the scores of each technique and adding them together, the
final result was obtained for each alternative. Finally, by comparing the results with the
real project in the study area, as well as performing sensitivity analysis, the accuracy and
reliability of the intended framework were evaluated. Table 1 illustrates the related studies
using MCDM methods and a geographic information system (GIS) tool that encouraged us
to present the work.

Table 1. Comparison of related studies about RES ranking.
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A review of the literature reveals some knowledge gaps. First, previous works have
mentioned the water consumption of renewable power plants but did not consider the
groundwater resources which are directly affected by them. In this case, the status of
groundwater resources (extractable, critical, and supercritical) must be determined to
check the permissions for the construction of wells or water abstraction. Therefore, the
renewable power plants’ location, based on the status of groundwater resources, is of great
importance. Second, although many studies have been conducted on the application of
MCDM methods to prioritize renewable energy sources, few have attempted to examine
real decision conditions that are uncertain and random under a fuzzy environment. The
fuzzy decision-making framework becomes more difficult when the case study is at the sub-
national level because this political–geographical scale needs more accurate and complete
information, which has received less attention in the literature review. Third, GIS software
has limitations in determining the importance of some criteria. For example, from a
weighting point of view, the location of a wind farm next to a village with a population of a
few dozen people is different from it being located near a city with several thousand people.
Therefore, this limitation has been removed using the opinions of experts in this current
study. Finally, in all previous work, merely the prioritization of RESs has been studied.
The independent political areas in which the RE alternatives are located are also important.
These areas are cities of a province (or state), and the government should dedicate budgets
for all activities. For RESs development, a budget is given to investors in the form of loans
or incentives. Therefore, to distribute the RE development’s budget fairly and purposefully
among the cities of a province, those must be ranked. Consequently, the prioritization
of cities and RE alternatives, which has not been done simultaneously in the literature,
is necessary. Briefly, this study seeks to accelerate the SDGs achievement in addition to
adding to the literature. The main objectives of this study and its’ contribution to the
literature are as follows:

(1) For the first time, a new practical approach of an organization related to RES
development at a sub-national level has been introduced into the first phase of a two-phase
HF-MCDM. In this approach, the cooperation of different organizations in the study area
with the departments of SATBA is determined using the GIS software, with which, various
maps are prepared and high RE potential locations related to the province are verified. This
management strategy for local conflicts of interest can thus be a good role model for actors
involved in RE development around the world and can help to reach the UN’s SDGs.
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(2) This paper presents a comprehensive assessment standard framework for prioritiz-
ing RE alternatives in the second phase. For this purpose, the main criteria from technical,
socioeconomic, and environmental points of view, composed of thirty sub-criteria, are
considered. Based on the literature review, these sub-criteria have not been used together
yet. In addition, some sub-criteria are new, such as water extraction restrictions and the
price of land.

(3) This study uses a new and robust hybrid of F-MCDM methods (i.e., the HF-
MCDM) for ranking RESs. The proposed method has the capability to solve the prioritized
problems of RESs with insufficient information and uncertainty in a fuzzy environment,
as a great advantage. In the proposed HF-MCDM, the F-SE is employed to determine the
optimal weights of the criteria, which not only prevent the bias and subjective judgment of
experts, but also increases the reliability of the results. To demonstrate the applicability
and feasibility of the proposed decision-making model, a real case study was conducted
for North Khorasan Province, Iran. In addition, this novel HF-MCDM could lead to an
increase in the scope of decision-making methods in the field of RE development. Finally,
the reliability, accuracy, and robustness of the proposed framework were evaluated by
comparing them with a real practical project and conducting sensitivity analysis.

(4) To make the decision-making environment more realistic in this paper, the GIS
software was used twice in addition to considering uncertainties, applying restrictions,
and publishing real information by SATBA. At the first time, it is employed in the planning
stage of the conflict of interest management strategy, and at the second time, in the stage of
determining the most suitable RE candidates, because, in the first stage, the GIS software
does not distinguish the locations with different qualities. However, in the second stage,
this information is covered by the experts through a questionnaire and a range of linguistic
variables; therefore, the gap created by the GIS software is filled. For example, the score
of the distance of a wind farm from a city with a population of several thousand should
be different from that of a wind farm located near a village with several households.
However, identifying potential locations via the GIS software can be of great assistance
in reducing administrative bureaucracy and starting the project implementation phase as
soon as possible.

(5) In addition to ranking the candidates for RESs, the proposed framework can rank
the cities in the study area so that the budget can be fairly allocated to advance the RE
development goals. This represents another advantage of the proposed method.

The rest of this paper is structured as follows. In Section 3, the materials and methods
are presented. Section 4 describes the study area. In Section 5, the definitions of the criteria
and constraints are provided. Section 6 describes the analysis. Section 7 presents the results
and discussions. Finally, conclusions and future studies are presented in Section 8.

3. Materials and Methods

The research approach adopted here was to use the new two-phase framework for
dealing with the potential measurement of RESs and ranking the alternatives identified for
this purpose simultaneously. During the first phase, the SATBA’s new executive approach
was applied. In this vision, with the cooperation of the SATBA’s different offices and
the local organizations of each province, various pieces of information, from technical,
socioeconomic, environmental, and geographic perspectives, were obtained with the help
of the GIS software. Of note, the SATBA’s Potential and Renewable Energy Resources
Office shows these data in the form of reports by province. In these reports, there is
information such as the latitude and longitude of high potential RE locations, distance
from roads, residential areas, and power substations, types of land, the area required for
power plant construction, and the estimated power plant capacity. In addition, based
on coordination among different organizations of each province in this phase, conflict
of interest management would occur in such a way that the development of RESs was
accelerated and the SDGs could be achieved by 2030 at the sub-national level.
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After identifying the high potential alternatives in the study area in the first phase,
it was necessary to employ the suitable MCDM techniques from expert opinions in the
second phase to rank the alternatives introduced for this purpose. This process required
the selection of appropriate criteria, extracted from the first phase and the literature review.
Since each MCDM technique is not superior to others and all have their advantages and
disadvantages, the hybrid method was used to achieve better performance in the decision-
making process. The fuzzy model was also applied to make decisions closer to reality, and
to manage uncertainties, incomplete data, and different expert opinions. Consequently, the
new HF-MCDM models were considered for this work due to the type of problem.

3.1. Phase I

Currently, private investors involved in the construction of an RE power plant, starting
work after the potential assessment and placement by themselves or via consulting with
independent experts in the field, first go through the registration and filing processes.
Next, they obtain the licenses of the power plant gradually by participating in various
organizations associated with the environment, electricity, and land acquisition. For waste-
based biomass power plants and hydropower ones, the licenses from the municipality and
organizations in charge of water for waste use, transmission lines, and streams are required.
After this, the 20-year guaranteed power purchase agreement (PPA) is concluded with the
investor. Finally, there are the stages of construction of the power plant and the period of
operation, which vary according to the type of RESs and their capacity. This process is
shown in Figure 1.

Figure 1. The administrative process of RE plant investment [62].

As mentioned, there are two major problems facing this process, first, the long time
to reach the operation stage and make money from the project, despite the fact that the
time of studies and potential assessment of the investor is ignored, and second, there
might be a conflict of interest between the responsible organizations which wastes time
and consequently reduces the motivation of investors in this field.

Therefore, SATBA has recently taken a new approach to address the above-mentioned
shortcomings and pave the way for investing in RE in Iran. According to this approach,
the primary information-preparing task associated with the potential of RESs, and the
evaluation of their feasibility, is often a government task around the world, as collecting,
processing, and finally identifying RE potential locations are costly and they can be also
used as a leverage policy in directing private investors.

The SATBA’s new approach is to create a quantitative and qualitative RES database
using the information obtained from field statistical work. This approach is to create a
roadmap based on evaluating RES potentials individually, as well as developing scenarios
and integrated models to determine the share of clean energy, preparing and compiling
appropriate documents and prioritizing projects, and finally, doing comprehensive plan-
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ning and RES potential assessment. The output is often obtained based on data collection,
including GIS maps, data integration and analysis, and the prioritization of energy con-
sumption and resources in each province based on Iran’s electricity network through field
negotiations with local organizations related to RESs. Figure 2 depicts the process of this
approach.

Figure 2. The SATBA’s new practical approaches as a novel framework, Phase I.

The new approach accordingly tackles the disadvantages of the power plant construc-
tion process by investors. Therefore, it can be introduced to policymakers, planners, and
researchers as a desirable plan, not only in Iran, but also around the world.

Upon identifying the high potential RE alternatives in the study area, it is necessary to
evaluate the proposed ones by SATBA to find out which part of the province is under study
and which RE is the most suitable alternative for investment. Therefore, in the second
phase, this evaluation will be done as follows.

3.2. Phase II

After identifying the RES potential locations and eliminating the disadvantages of the
renewable power plant construction process, such as non-conflict among organizations, it is
time to prioritize and rank these locations from various socioeconomic, environmental, and
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technical aspects. For this purpose, in the second phase of the present study, the HF-MCDM
method, consisting of F-SE, F-MOORA, F-VIKOR, F-EDAS, and F-ARAS, were used.

The methodology adopted in this work was comprised of four key steps. In the first
step, the required information for ranking was collected, which could often be identified in
Phase I as the criteria and their amount based on the case study and expert opinions. In the
second step, first, the TFDM was determined, and after that, the F-SE was applied to get
the weights of all criteria. At the next step, F-MOORA, F-VIKOR, F-EDAS, and F-ARAS
were employed to score the RE alternatives for the case study, and then, the final ranking
was obtained by employing the summation of the scores concluded in the previous step.

3.2.1. F-Shannon’s Entropy Method

The weight calculation consists of objective and subjective weighting. The subjective
way is appointed by an expert judgment based on their knowledge and experiences. The
Delphi method, and the analytic hierarchy process (AHP), are two examples of subjective
judgments. SE is one of the objective methods wherein the real information alternatives are
extracted. The advantage of this technique also decreases the decision-makers’ subjective
impression and develops objectivity [55].

Hosseinzadeh et al. [63] developed the SE for imprecise information, especially fuzzy
and interval data instances. In this paper, the weights of the criteria were obtained using
this method. The steps of the F-SE are described as follows [49]:

Step 1—Construct TFDM via expert opinions, in which linguistic variables for each
criterion should be changed into relevant fuzzy numbers:

∼
Z =

[∼
Zij

]
m×n

=


∼

z11
∼

z12 . . .
∼

z1n
∼

z21
∼

z22 . . .
∼

z2n
...

...
...

...
∼

zm1
∼

zm2 · · · ∼
zmn

 (1)

Step 2—Transform
∼
Z into interval data by using the α-level sets via Equation (2).[

(
∼
zij)

L

α′
, (
∼
zij)

U

α′

]
=

[
Min

zij

{
zij ∈ R

∣∣∣∣µ ∼zij
(zij) ≥ α

}
, Max

zij

{
zij ∈ R

∣∣∣∣µ ∼zij
(zij) ≥ α

}]
0 < α ≤ 1 (2)

Step 3—Normalize the value of the transformed matrix through Equation (3).

pL
ij =

zL
ij

∑n
j=1 zU

ij
, pU

ij =
zU

ij

∑
q
j=1 zU

ij
i = 1, . . . , m j = 1, . . . , n (3)

Step 4—Calculate the lower and upper bounds of the interval entropy using
Equations (4) and (5).

eL
i = Min

{
−e0

n

∑
j=1

pL
ij. ln pL

ij,−e0

n

∑
j=1

pU
ij . ln pU

ij

}
, i = 1, . . . , m (4)

eU
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{
−e0

n

∑
j=1
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ij. ln pL

ij,−e0

n

∑
j=1

pU
ij . ln pU

ij

}
, i = 1, . . . , m (5)

where −e0 is equal to (ln q)−1, and pL
ij. ln pL

ij or pU
ij . ln pU

ij is equal to 0 if pL
ij = 0 or pU

ij = 0.

Step 5—Calculate dU
i and dL

i , the upper and lower bounds and the interval
diversification.

dL
i = 1− eU

i , dU
i = 1− eL

i i = 1, . . . , m (6)
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Step 6—Obtain the lower bound wL
i , the upper bound wU

i , and their average as follows:

wL
i =

dL
i

∑
q
j=1 dU

j
, wU

i =
dU

i

∑
q
j=1 dL

j
, wM

i =
wL

i + wU
i

2
(7)

3.2.2. Alternative Ranking

In this section, the scoring of the RE candidates is explained. The initial fuzzy weights
of the criteria are also obtained by the F-SE as mentioned in the previous section.

F-MOORA

MOORA is a procedure for optimizing more than one conflicting characteristic subject
to specific constraints [64]. Accordingly, this method seems to be an effective mecha-
nism to evaluate the ranking or selection the best alternative from a group of feasible
ones [50]. The values of scores are thus calculated for each alternative, providing the
foundation of the comparison, and consequently, aid the selection of the best (i.e., the most
satisfactory alternative).

The primary logic of MOORA is to measure the whole performance of each alternative
as the difference between the sum of its normalized performance of positive and negative
criteria through Equation (8).

fi =
r

∑
j=1

z
∗

ij

−
n

∑
j=r+1

z
∗

ij

(8)

where Z∗ij represents dimensionless quantity, belonging to the [0, 1] interval, and shows the
normalized efficiency of the i-th candidate on the j-th factor, r is the number of beneficial
criteria, which is counted to be maximized, (n-r) refers to the number of negative criteria
counted to be minimized, and fi shows the overall performance index amount of the i-th
alternative in respect of the whole factors.

Preference weights may be also employed to provide the relative importance of one
attribute over the other since it is clear that some criteria are more significant than others.
Once these weights are considered, Equation (9) is changed as:

fi =
r

∑
j=1

wjz
∗

ij

−
n

∑
j=r+1

wjz
∗

ij

j = 1, 2, . . . n (9)

where the j-th criterion weight is wj, which can be obtained by various weighting methods.
The final priority may be also realized by the ordinal ranking of fi. Moreover, the best and
worst alternatives have the highest fi and lowest fi values, respectively.

In this study, F-MOORA was presented for ranking the RE candidates. This method
can be expressed using the following seven steps [50]:

Step 1—Extend a TFDM according to expert opinions where each criterion is deter-
mined by the trigonometric function (TMF) (viz. Step 1 of Section 3.2.1 F-SE).

Step 2—Normalize the TFDM, developed in Step 1, via vector normalization. The
following equations are thus applied for this object.

gL
ij =

zL
ij√

∑m
i=1

[
(zL

ij)
2
+ (zM

ij )
2
+ (zU

ij )
2
] (10)

gM
ij =

zM
ij√

∑m
i=1

[
(zL

ij)
2
+ (zM

ij )
2
+ (zU

ij )
2
] (11)
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gU
ij =

zU
ij√

∑m
i=1

[
(zL

ij)
2
+ (zM

ij )
2
+ (zU

ij )
2
] (12)

Step 3—Determine the weighted normalized FDM using Equation (13).

hL
ij = wL

j gL
ij, hM

ij = wM
j gM

ij , hU
ij = wU

j gU
ij (13)

where wL
j , wM

j , and wU
j are the fuzzy weights of the j-th criterion, which can be obtained by

the F-SE.
Step 4—Compute the overall ratings of positive and negative criteria for each alterna-

tive using this procedure.
The whole rating of an alternative for the lower, middle, and upper values of the

TFDM for positive criteria are determined by the following Equation (14).

k+L
i =

n

∑
j=1

hL
ij, k+M

i =
n

∑
j=1

hM
ij , k+U

i =
n

∑
j=1

hU
ij

∣∣∣n ∈ QMax (14)

The same calculations for the non-beneficial criteria are as follows:

k−L
i =

n

∑
j=1

hL
ij, k−M

i =
n

∑
j=1

hM
ij , k−U

i =
n

∑
j=1

hU
ij

∣∣∣n ∈ QMin (15)

Step 5—Defuzzify the overall values of ranking for positive and negative criteria for
each alternative through the vertex method to specify the overall performance indicator (Si).

Si(k+i , k−i ) =

√
1
3

[(
k+U

i − k−U
i

)2
+
(

k+M
i − k−M

i

)2
+
(

k+L
i − k−L

i

)2
]

(16)

Step 6—Order Si in the descending arrangement. The alternative with the highest Si is
thus the most favorable one.

F-VIKOR

The F-VIKOR is one of the MCDM methods that aims to select the best alternative
under fuzzy conditions. Besides, the ranking criterion here is according to their level of
closeness to the ideal answer. This method can prepare the highest amount of group benefit
for the most and the least amount of individual influence to the opposition.

The process of this method is also similar to the VIKOR method, as stated by Apri-
covik [48]:

Step 1—This step is the same as that in F-MOORA. Moreover, the weight and the
types of criteria must be specified. The weight of the criteria can also be calculated from
the weighting methods used in the current work, the F-SE. The types of criteria are then
divided into two categories of positive and negative. The positive criteria are the metrics
that help increase profits and improve the system while the negative ones are the metrics
whose reduction leads to improvements in the system.

Step 2—Determine the values of the ideals. For the positive criteria,
∼
z∗ equals the

largest fuzzy number array,
∼
z◦ equals the smallest fuzzy number array, and vice versa for

negative criteria. These relationships are given in the following equations:

∼
z∗i = Max

j

∼
zij and

∼
z
◦
i = Min

j

∼
zij For positive criteria (17)

∼
z∗i = Min

j

∼
zij and

∼
z
◦
i = Max

j

∼
zij For negative criteria (18)
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Step 3—In this step, normalization for positive and negative criteria is done based on
Equations (19) and (20).

∼
dij = (

∼
z∗i Θ

∼
zij)/(ziU

i − z◦L
i ) For positive criteria (19)

∼
dij = (

∼
z∗i Θ

∼
zij)/(z◦Ui − z∗L

i ) For negative criteria (20)

Step 4—Determine the values of T and U. In this step, first, the normal matrix is
weighted, and then, values are obtained using Equation (21).

∼
Ti =

p

∑
i=1

∼
(wj ⊗

∼
dij),

∼
Ui = Max

i
(
∼
wj ⊗

∼
dij) (21)

where
∼
Ti (as the fuzzy weighted plural) is related to the division ratio of Aj from the most

suitable fuzzy value. Likewise,
∼
Ui (as the fuzzy operator Max) signifies the division ratio

of Aj from the worst fuzzy amount, and
∼
wj refers to the fuzzy weights of the j-th criterion,

which can be obtained by the F-SE.

Step 5—Calculate the VIKOR index
∼
Yj via Equation (22).

∼
Yj = v(

∼
Tj −

∼
T∗)/(T◦u − T∗l) + (1− v)(

∼
Uj −

∼
U∗)/(U◦u −U∗l) (22)

where
∼
T∗ = Min

j

∼
Tj, Tou = Max

j
Tu

j ,
∼

U∗ = Min
j

∼
Uj, Uou = MaxMax

j
Uu

j , and v = (n−1/2n)

is the maximum group utility.
∼
T∗ and

∼
U∗ are also the best values of T and U.

Step 6—Defuzzify
∼
Tj,

∼
Uj and

∼
Yj, and then rank the alternatives with respect to the

diffused values. The lowest values are in the first rank and the highest values are vice versa.
To choose the best alternative, the following conditions should be considered:
An alternative is the best once it has the lowest value of Y, provided that:
Condition 1—Acceptable superiority, as seen in Equation (23).

Y(A(2))−Y(A(1)) ≥ DY (23)

where A(2) is the alternative that has the second position in the ranking list of Y,
DY = 1/ (n−1).

Condition 2—Standard consistency in the decision-making process
A(1) must be first placed in T and/or U.
If only one of these conditions is met, the collection of accommodation results is

presented, which contains:
a—Alternatives A(1) and A(2) if only condition 1 is satisfied, or
b—Alternatives [A(1),A(m)], if only condition 2 is met. Moreover, A(m) is determined

by the relation Y(A(m)) − Y(A(1)) ≤ DY for maximum m (of note, the rank of these
alternatives is “in closeness”).

F-EDAS

The EDAS was extended by Keshavarz et al. [65] to evaluate and then rank alternatives
according to the mediocre solution, which is often reached by the negative interval compu-
tation from average (NIA) and the positive interval from average (PIA). The candidate that
has lower NIA and higher PIA values is thus the first-ranked RE alternative.

In the event of using the F-EDAS, alternatives are ranked under the subtractive amount
of the defuzzified assessment grade. The F-EDAS can be also described by the following
eight steps [51]:

Step 1—Create a TFDM as formerly described.
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Step 2—Obtain the mean solution decision matrix according to the decision matrix:

∼
FMV =

[ ∼
FMV j

]
1×n

Where
∼

FMV j =

m
∑

i=1

∼
z ij

m
(24)

Step 3—Determine the matrices for the fuzzy NIA (F-NIA) and fuzzy PIA (F-PIA) by
Equations (25) and (26).

∼
FPIAij =

Max(0,(
∼

FMV j−
∼
z ij))

∼
FMV j

∼
FNIAij =

Max(0,(
∼
z ij−

∼
FMV j))

∼
FMV j

For negative criteria (25)


∼

FPIAij =
Max(0,(

∼
z ij−

∼
FMV j))

∼
FMV j

∼
FNIAij =

Max(0,(
∼

FMV j−
∼
z ij))

∼
FMV j

For positive criteria (26)

Step 4—Extend the matrices to fuzzy weighted positive and negative intervals, as
indicated in Equation (27):

∼
FSPi =

n

∑
j=1

∼
FPDAij.

∼
wj,

∼
FSNi =

n

∑
j=1

∼
FNDAij.

∼
wj (27)

Step 5—Calculate fuzzy normalized values for FSP and FSN via Equation (28):

∼
FNSPi =

∼
FSPi

Maxi(
∼

FSPi)
,

∼
FNSNi = 1−

∼
FSNi

Maxi(
∼

FSNi)
(28)

Step 6—Compute the fuzzy evaluation score using Equation (29):

∼
FESi =

1
2
(
∼

FNSPi +
∼

FNSNi)where0 ≤
∼

FESi ≤ 1 (29)

Step 7—Eventually, rate the alternatives with regard to the FES subtractive value. The
top option is the one with the maximum value on the assessment score.

F-ARAS

The ARAS was conceptualized and presented in 2010 by Zavadskas and Turskis [66].
This technique is characterized by determining performances according to ideal alternatives.
In this method, it is argued that the degree of optimality is the ratio of the total score of
normal and weighted criteria of the intended alternative to the normal and weighted
criteria of the desired one. This proportion is represented by the alternative obtained in
this comparison. Recently, its application range has been developed by the progress at the
grey ARAS [67] and the F-ARAS [68], respectively, involving grey and fuzzy numbers for
solving the MCDM problems.

Scoring and ranking using this method also includes the following steps [52]:
Step 1—Create a TFDM as formerly described in Equation (1)
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Step 2—Extend the expanded FDM by adding an individual row with optimal values
of each criterion considering Equation (30)

∼
F0 =



∼
z01

∼
z02 . . .

∼
z0n

∼
z11

∼
z12 . . .

∼
z1n

∼
z21

∼
z22

∼
z2n

...
...

...
...

∼
zm1

∼
zm2 . . .

∼
zmn


, i = 0÷m, j = 0÷ n (30)

where the optimal value of the criterion is calculated as:

∼
z0j = Maxi

∼
zij, ifMaxi

∼
zijispositivecriterion (31)

∼
z0j = mini

∼
zij, ifmini

∼
zijisnegativecriterion (32)

Step 3—Normalize the expanded FDM
∼
F0 =

[ ∼
zN

ij

]
, i = 0÷m, j = 0÷ n:

(a) The criteria, whose preferable amounts are maximum or minimum, are normalized
via Equation (33).

∼
zN

ij =

∼
zij

∑m
i=0

∼
zij

Forpositivecriteria,
∼

zN
ij = 1/

∼
zijthen

∼
zN

ij =

∼
zij

∑m
i=0

∼
zij

Fornegativecriteria (33)

Step 4—Form a weighted normalized decision matrix and the values of optimality
function as below: ∼

zS
ij =

∼
zN

ij ⊗
∼
wj,

∼
Si =

n

∑
j=1

∼
xS

ij (34)

where
∼
Si describes the optimal performance value of alternative i. Considering the calcu-

lation process,
∼
Si is directly related to the value

∼
zij and the weight

∼
wj of the criteria. The

center of area defuzzification approach can be also used as:

∼
Si =

1
3
(
∼
Sil +

∼
Sim +

∼
Siu) (35)

Step 5—Compute the value of the alternative utility degree as follows:

Ki =
Si
So

(36)

where Si and So are the optimal performance values of the alternatives. An alternative
should be thus selected as the top one if it has the maximum amount of Ki.

3.2.3. Hybrid Fuzzy Decision-Making Method

The four scores of each alternative, named Sm, Sv, Se, and Sa were obtained by
the four mentioned fuzzy techniques under the descriptions of the previous subsections.
After specifying these scores, they were normalized via Equation (37), and then, using
Equation (38), the normalized scores were aggregated to determine the final score of
each alternative, labeled FSi. The alternative with the highest score will be accordingly
ranked first.

NSmi =
Smi

m
∑

i=1
Smi

, NSvi =
Svi

m
∑

i=1
Svi

, NSei =
Sei

m
∑

i=1
Sei

, NSai =
Sai

m
∑

i=1
Sai

(37)

FSi = NSmi + NSvi + NSei + NSai (38)
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Before the ranking process, it is needed to define suitable criteria for the related study
area and determine their value for each alternative. Therefore, first, the criteria are defined,
and their values are determined in the next section.

4. Study Area

North Khorasan Province, one of 31 provinces of Iran, was founded by the Greater
Khorasan in 2004. It is located in the northeastern part of Iran (37.4761◦ N latitude and
57.3317◦ E longitude) with a population of roughly 0.8 million, placing the region at a
ranking of 27th from a population point of view [29]. The capital of this province is the
city of Bojnord, and Esfarayen, Shirvan, Ashkhaneh (Maneh and Samalqan), Faruj, Germeh, Raz,
Jargalan, and Jajarm are other counties, as seen in Figure 3.

Figure 3. North Khorasan Province and its affiliated cities located in northeastern Iran.

North Khorasan Province also contains numerous tourist attractions, divided into
natural and historical ones, such as small lakes, Ayoub Peighambar hot spring, protected
regions, many hiking areas, Salouk and Ghaisar old castles, Sari Gol protected area, Noshirvan,
Armadloo, and Bidag caves, Belqeys castle, Baba-Aman spring, Mofakham historical house,
Jameh Mosque of Jajarm, and Bazkhaneh valley.

Turkmenistan, as well as the Razavi Khorasan, Semanan, and Golestan provinces,
neighbor North Khorasan Province from the north, east, southwest, and west, respectively.

Since North Khorasan province is ranked 30th in terms of national GDP by province [30],
and 27th in respect of literacy rate [29], it is considered as one of the deprived regions.
Therefore, one of the best ways to achieve sustainable development here is using RESs [69].

As mentioned in Phase 1, the proposed approach determines suitable RE candidates
in the study area to avoid time wasting and to encourage investors to construct renew-
able power plants. These RE candidates were thus used in the current work. All of the
alternative sites in North Khorasan Province are illustrated in Figure 4.
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Figure 4. All RE alternatives in North Khorasan Province in the current work [70].

5. Definition of Criteria and Constraints

Before ranking the RE alternatives in North Khorasan Province, a set of criteria and
constraints should be identified, which are often common among RESs and affect the
decision-making process. The spatial features of alternatives and expert opinions could
also be exploited to determine these criteria and constraints.

5.1. Definition of Criteria

Based on the related literature, a set of thirty criteria in four dimensions have been
so far applied for ranking RESs. Such criteria are categorized into two general types, viz.
quantitative and qualitative, and divided into two categories in terms of their nature, i.e.,
cost criteria and benefit criteria. Table 2 describes these criteria.

Table 2. The criteria recognized in this case study.

Symbol Criterion Type of Criterion Information Ref.
Environmental dimension

C1 Type of land Qualitative cost

Type of terrain where the plant will be placed. For example, if land use
is for agriculture, the land price will be overpriced and causes an

increase in the construction cost. Also, the power plant construction
permit is hardly issued by the Environment Agency in regions with

suitable natural vegetation

[57]

C2 Slope (%) Quantitative cost
(The land slope of the construction site of the RE plant) If the ground

cannot satisfy this constraint, filling or digging operations make delays
to the construction project completion time and increases cost

[5,57]

C3 Land use (Hectare) Quantitative cost required area to build the power plant [57]

C4 Aspect Qualitative cost Slope aspect is its direction. For example, the best aspect of PV systems
is where the land is south-facing [57]

C5 Ecosystem’s protection Quantitative cost
Distance from especial places such as protected areas, national parks,

and wildlife refuges in which the construction of a power plant is
not allowed

[53]

C6 Water extraction restrict
(L/KWh) Quantitative cost Water use ratio among all power plants during the total generated

power and the planning period based on the groundwater resources [54]

C7 Flood area Quantitative cost In opting for the site of RE plants, zones with low risk from a flood
point of view must be considered [5]

C8 GHG emission (gCO2/kWh) Quantitative cost Mostly CO2 emissions from the technology [56]

C9 Noise Qualitative cost The normal operation of generation facilities could have noise effects
and annoying neighborhood community [54]

C10 Distance from faults (Km) Quantitative benefit In selecting the location for RE plants construction, regions with low
earthquake risk should be selected [5]
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Table 2. Cont.

Symbol Criterion Type of Criterion Information Ref.
Technical dimension

C11 Capacity of plant (MW) Quantitative benefit The maximum capacity of the plant can be produced [62]

C12 Energy efficiency (%) Quantitative benefit Efficiency rate applied via RE technology till generating power [56]

C13 Technology maturity Qualitative benefit How progressive and prevalent is each technology [56]

C14 Capacity factor Qualitative benefit
The proportion of the pure power generated to the energy that can have

been produced at the ongoing highest power performance during the
specific period

[53]

C15 Resource potential Qualitative benefit
The establishment of RE plants in regions where have low potential in

face opposition against cost and efficiency. Accordingly, the RE location
and its potential in the studied region should be specified

[5]

C16 Flexibility Qualitative benefit
The capability to answer to variations in demand and to ensure

long-term steady state of the grid in increasing the share of intermittent
power supply from RE plants

[56]

C17 Availability factor Qualitative cost Stability and predictability of the technology, including interruptions
of service [56,71]

C18 Construction time of
plant (Months) Quantitative cost

The period is beginning from the appointed date and ending on the first
operation. If it is longer, the cost of construction will be higher; for

example, workers’ daily salary is adding day by day in total
construction cost

[62]

C19 Life time(Year) Quantitative benefit Provides a reference on how long that energy source/plant will serve [56]
Economic dimension

C20
Price of purchase with
government subside

($/KWH)
Quantitative benefit

This criterion affects revenues obtained as purchase from each RE
power plant; therfore, it can have a positive result on government

income, stockholders, and local social acceptance
[56]

C21 Net-Presented Cost ($/KWH) Quantitative cost
NPC of a project is the present amount of all the costs of installing and

operating the project throughout the lifetime, minus the presented value
of all the profits that it obtains during the project lifetime

[72]

C22 Cost of construction ($) Quantitative cost The total cost of the project’s capital investments to be fully utilizable [53]

C23 Levelised cost of
electricity(USD/kWh) Quantitative cost

LCOE in electrical energy production could be described as the
presented value of the price of the provided electrical energy,

considering the financial life of the plant and the costs related to the fuel
costs, the construction, operation, and maintenance

[72]

C24 Maintenance cost ($) Quantitative cost It is a necessity for each power plant to run continuously so they need to
consider the costs for O&M of probable faulty components and fuel [56]

C25
Cost of electricity
transmission to
substations ($)

Quantitative cost

Electricity produced by RE plants is dispatched to substations using
electricity tie lines and then distribution is completed. Consequently,
the longer route to the substations causes a higher expenditure that

would be made up of new substations and lines [5,57]

C26 Distance from road (Km) Quantitative benefit
The road is one of the main factors for selecting the RE installation site

because new roads will incur additional costs in areas where no
available transportation network has

Social dimension

C27 Employment Qualitative benefit The provision of new job opportunities through every power plant in
the construction and work stages. [71]

C28 Social acceptability Qualitative benefit The social favorite level for the extension or application of a specific
energy production technology [56]

C29 Distance from residential
areas (Km) Quantitative benefit

For reasons such as public health, prevention of noise and environment
pollution for people, prevention of underdevelopment of urban areas
and the like, it is better to maintain the distance between the power

plant and urban centers

[57]

C30 Accident-related fatality
(Rate × 107/GWh) Quantitative cost Deaths through occurrences associated with the whole lifecycle of

the project [53]

5.2. Qualitative and Quantitative Data Collection

After considering the suitable criteria for all alternatives, data collection was needed
in the proportion of each alternative and its location. SATBA has also released reports in
which there are estimated data for RE candidate in all provinces of Iran, such as power plant
capacity, locations, as well as distances from roads and substations. This report for North
Khorasan Province was thus used in this paper. As some data were not in the SATBA’s
report, they were retrieved from the literature. The information about the quantitative
criteria of the RE technologies and all alternatives were also extracted from [70].

In addition, other remaining criteria were explained and Figures 5–7 show them for
all alternatives in the study area.
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5.2.1. Type of Land (C1)

The type of land is an important factor included in the RE siting analysis. Considering
that the construction of renewable power plants on different types of land creates varying
costs, and it is not possible to build them on all land, the purpose of classifying the
rangelands in North Khorasan Province in this work was to prepare a land-use map.

The map could show how to use a piece of land (e.g., agricultural, residential, and
forestry). Providing accurate information on land use is thus essential for any activity and
planning at the geographic level of the study area, and remote sensing plays a key role in
this respect. During classifications, each image pixel was compared to the natural symbols
in the previous steps, and each group of pixels was assigned to one of the sampling classes.
The results were a single-band image in which different types of land could be separated
from each other in diverse categories. After obtaining the land use map of the study area,
different land uses were scored by applying some constraints. The data related to the
type of rangelands in North Khorasan Province were also taken from the North Khorasan
Agricultural Jihad Organization, then a map related to the type of use was created with the
help of the Arc-GIS software. Figure 5a displays the type of land map.

5.2.2. Slope of Land (C2)

The roughness and sloping of land is the criterion that can be evaluated in RE plant
construction. If the terrain cannot satisfy the slope constraint, filling or digging operations
can cause a delay in the completion time of a construction project and increase the costs.
In addition, facilities must be built in a firm area. In this paper, the slope map of North
Khorasan Province was provided from the Geological Survey and Mineral Exploration
Organization of Iran. Figure 5b presents the land map slope.
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5.2.3. Aspect of Land (C4)

The aspect plan is substantial in revealing slope directions. The aspect map is accord-
ingly obtained from altitude maps as the representation of the territory topography. To
create these maps, North Khorasan Province contours (from contour lines) were derived
from the Geological Survey and Mineral Exploration Organization of Iran. Finally, the
aspect map was made via a three-dimensional spatial modeling investigation of GIS. This
factor could affect the energy potential, especially for solar and wind resources. The highest
solar energy potential also occurred in the southern direction because of the most sunlight
there. For wind energy, the southwest to the northeast direction, or vice versa, had the
most potential. Considering hydropower, the aspect affected surface evaporation but not
so much to produce a significant impact; therefore, this was excluded from the study. For
other technologies not affected by the aspect factor, the highest score would be considered.
Figure 5c shows the aspect of North Khorasan Province land.

5.2.4. Distance from Protected Area (C5)

The distance from protected areas is one of the paramount environmental indices for
the establishment of RE plants. The RE plant field is also obligated not to damage the
protected areas around itself; for this reason, constraints on land use must be imposed.
Thus, the RE site area should be situated as far away as possible from surrounding protected
areas. In this study, the data on the distance from protected areas were collected from
the North Khorasan Department of Environment and added to the geologic database in a
polygon model. Figure 5d depicts the distance of the alternatives from the protected areas.

5.2.5. Water Extraction Restrictions (C6)

In addition to the capacity and type of REs that might shape water consumption
rates, the water potential of the study area was also considered in the water consumption
criterion. During the last two decades, a crisis has also occurred in terms of water extraction
and groundwater reserves following the establishment of the North Khorasan Province,
human migration, and consequently, population growth in its various regions, as well as
irregular and illegal water abstraction, entry or expansion of industries, reduced rainfall,
and plains. Therefore, the North Khorasan Regional Water Company has classified the
plains in terms of a water abstraction permit, as illustrated in Figure 6a. This classification
directly affects water consumption rates along with the type and capacity of RE plants, so
it was respected by the experts in scoring each alternative.

5.2.6. Distance from Flood Area (C7)

To prevent any irreparable water-overflow damage during a year in which flooding is
high, regions with topmost water flush and high flooding risk should not be used. In this
context, the zone classification map of North Khorasan Province in terms of flood risk was
obtained from the North Khorasan Regional Water Company. Figure 6b displays the flood
risk map.

5.2.7. Distance from Fault Lines (C10)

For the establishment of RE plants, zones with low-temblor hazards should be con-
sidered. Accordingly, the next criterion was the distance from fault lines. The data related
to this criterion was acquired by digitizing the fault map nominated by the Geological
Survey and Mineral Exploration Organization of Iran and then supplementing them in a
polyline template into the geographic database. Figure 6c shows the location of fault lines
and alternatives.

5.2.8. RES Potential (C15)
Solar Energy Potential

The amount of solar radiation indicates the regional potential for solar power gen-
eration, known as the paramount factor in locating solar power plants [73]. The amount
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of solar radiation in all regions in the world is different. Iran is also one of the countries,
possessing a substantial level of solar radiation throughout its areas per year due to being
located in the solar belt. In addition, the power received from sunlight is higher there
because Iran is a mountainous country, and its many regions are located at an altitude of
more than 1000 m above sea level [74].

North Khorasan Province, with more than 330 sunny days a year, mild weather, and
a suitable temperature, is also one of the best regions in Iran for the construction of solar
power plants. The SATBA’s Assessment Office of Renewable and Clean Resources has
also presented solar power plant construction candidates for each province of Iran with
high potentials for solar energy by reviewing the World Bank Atlas and applying various
parameters [70]. These candidates for North Khorasan Province are named from A1 to A18,
as depicted in Figure 6d.

Wind Energy Capacity

Recently, with the spread of cost-effective approaches and environmental perspectives
in RESs, wind energy is more applied than others worldwide because of its advantages
such as job opportunities, clean fuel source, sustainability, etc., [75]. Nevertheless, wind
energy is not free from negative effects, including electromagnetic interference for radio
signals in the range of large installations, noise pollution, and more [76].

Based on the above-mentioned advantages, and with regard to the challenges facing
wind energy and using the probability density function developed by the Assessment
Office of Renewable and Clean Resources, alternatives with good wind potentials have
been so far presented in Iran, indicating good adaptation to wind speed data, especially
in the wind turbine speed range [70]. Consequently, suitable spatial alternatives for wind
farm construction in North Khorasan Province were raised. A19 to A26 in Figure 6e are the
names of these candidates.

Hydropower Capacity

Hydropower plants are eco-friendly power plants used for many purposes due to
their ease of operation, reasonable costs, flood control, water supply, electricity generation,
effectiveness in maintaining the stability of the electricity network, and low maintenance
charges. During the development and operation of hydropower plants, limited financial
resources to invest in new power plants and long construction periods are the main
challenges. Such plants also have two categories, large- and small-scale, so that the large
plants consist of a dam on the main river to store water in a reservoir, and mini-hydro use
of the run of a river to produce electricity [77].

Iran Water and Power Resources Development Company has also introduced the
treatment plants of each city, dams, and rivers of provinces as sites with high hydropower
potential and investment-ready projects nationwide [78]. Figure 6f shows the hydropower
alternatives in North Khorasan Province, named A31 to A39.

Biomass Energy Capacity

Biomass is a renewable resource, consisting of biodegradable components of crop,
agriculture, and forest wastes, as well as biodegradable industrial and municipal resources.
The use of biomass energy is thus attractive not only for financial enrichment but also for
economic and environmental development. On the other hand, it is considered as one
of the major factors to achieve energy sustainability [79]. Furthermore, emissions from
biomass combustion are usually lower compared with those of fossil fuels. Furthermore,
their commercial use and exploitation can eliminate or reduce the problems associated
with waste disposal in other industries, such as forestry, wood, and urban waste [80].

Today, various biomass technologies are also being used for electricity generation
around the world, while only waste incineration and biogas plants produce electricity
in Iran [80]. In this context, bioenergy accounts for about one percent of the capacity
of renewable sources exploited to generate electricity [81]. The city of Bojnord with the
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largest population among those in North Khorasan Province produces 130 tons of waste
per day, which is currently dumped in the mountain hills called Babamousa, near a village
of the same name, which has caused many social and environmental problems [70]. The
distance of this non-standard depot to the nearest road was about two and a half km and
it was 2 km to the power grid. This waste could also produce approximately 800 KW
(with landfill technology [70]) or approximately 1 MW (due to the high fraction of organic
matter in the wastes), named A27 and A28 in the present work. On the other hand, water
treatment plants in North Khorasan Province with a production of 1,678,716 m3 of sludge
per year could produce 702 KW of electricity (A29). Other sources such as horticultural
biomass, crop waste, and livestock waste were other sources of biomass production in this
province [70], labeled A30 as another RE alternative.

Geothermal Energy Potential

Geothermal energy is the warmth inscribed under the earth’s surface. Despite the
great potential for the use of this energy in Iran, a lack of macro policies on the application
of RE, no appropriate technology in the field of deep drilling and reservoir engineering,
and finally, the existence of low-cost sources of fossil fuels as strong competitors have
caused geothermal energy not to be taken seriously [82].

The advantages of using geothermal energy in electricity generation also include clean-
liness, low space and costs for power plant construction, adequate reliability, efficiency in
bad weather, natural disasters or political tensions, renewability and permanence, currency
savings, and contributions to the growth of developing countries. The disadvantage of a
geothermal power plant is the pollution of its surroundings as the gases coming out of the
ground pollute the air and result in sediments contaminating the earth [82].

In North Khorasan Province, there was only one geothermal site called Ayub Peigham-
bar, located in the north of the city of Bojnord, with an area of roughly 680 m2 [83]. The
water of this hot spring had healing properties due to its minerals, and for this purpose,
locals and tourists were using it for balneotherapy. The main reason for high water temper-
ature (about 40 ◦C) is the geothermal gradient, which puts the geothermal power plant in
steam-heated water types [83]. This RES is named A31 in the present study.

5.2.9. Price of Land (C22)

The factors related to the costs of RE projects are one of the major subjects, which
should be considered. One of these factors, affecting the costs incurred by the construction
of RE plants, is the price of land in such a way that the cost of construction will be different
if this factor is multiplied by land area as power plants with the same capacity may have
various dimensions. In this regard, the relative price of land in North Khorasan Province
was obtained via the Road and Urban Development Organization of North Khorasan, as
illustrated in Figure 7a.

5.2.10. Unemployment and Literacy Criteria (C27 and C28)

RE plants can create job opportunities for the locals in terms of both non-technical and
technical situations. RE technologies that promise more job occasions for local inhabitants
are also preferable. In this regard, in addition to the capacity of RE technologies for job
creation in this work, the unemployment and literacy rates in the statistics reported by the
Management and Planning Organization of North Khorasan were considered because they
could directly affect the government’s view for prioritizing projects. It should be noted that
the above-mentioned rates, along with the job creation factor, could also affect the social
acceptability criterion. Figure 7b,c show unemployment and literacy rates, respectively.

5.2.11. Distance from Residential District (C9 and C29)

Constructing RE plants inside or near a community could be restricted taking into
account their CO2 and noise emissions, the high price of land in this area, and eventually,
the developmental direction of inhabitable regions. However, the RE plants should be near
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residential areas because the energy needs and costs of such plants must be met. In this
work, the map of the residential areas in Figure 7d was obtained via the Road and Urban
Development Organization of North Khorasan Province.

Figure 6. Qualitative criteria related to C6, C7, C10, and C15 in North Khorasan Province. (a) The type of plains from water
extraction point of view, (b) The distance of alternatives from flood area, (c) The location of fault lines and alternatives,
(d) The photovoltaic alternatives and power output (kWh/kWp) [84], (e) The wind farm alternatives and speed for 50 m
height [85], (f) The North Khorasan Province hydropower alternatives, sun, and main rivers.
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Figure 7. Qualitative criteria related to C22, C27, C28, C9, and C29 in North Khorasan Province. (a) The estimated price of
North Khorasan Province lands, (b) The unemployment rate in the cities affiliated to North Khorasan Province, (c) The
literacy rate in the cities of North Khorasan Province, (d) The distance of alternatives from residential areas.

5.3. Definition of Constraints

Constraints indicate limitations and data considered on alternatives. They can be also
used to evaluate alternatives (e.g., the distance from fault lines), considering the features
and definite values, which can help experts form better judgments. Table 3 shows the
constraints related to the criteria in this work.
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Table 3. Constraints related to the study area criteria.

Criteria Constraints Points Criteria Constraints Points Criteria Constraints Points
Agriculture, forests VL 0–5 km VL-L Short-term VL-ML

Aquifer VL-L 5–10 L Mid-term ML-MH
Airport Cities L-ML 10–15 L-ML

C19
Long-term MH-VH

Mountain ML-M 15–20 ML-MH

C20

Low price VL-ML
Mix land related to poor range ML-MH

C7

20> MH-VH Medium price ML-MH

Poor range MH
C8

Minimal production
of pollutants MH-VH High price MH-VH

C1

Salt land, bare land MH-VH Moderate M-MH High VL-ML
>20% VL Maximum VL-ML Medium ML-MH

15 < slope < 20 VL-L Minimal production
of pollutants MH-VH

C21
Low MH-VH

10 < slope < 15 ML Moderate M-MH
C22

High VL-ML
5 < slope < 10 ML-M

C9

Maximum VL-ML Medium ML-MH
3 < slope < 5 MH

C10

0–5 km M-MH Low MH-VH
1 < slope < 3 MH-VH 5–10 MH-H High VL-ML

C2

<1 VH 10–15 VH Medium ML-MH
High expensive land VL-L 15–20 L-ML

C23
Low MH-VH

Expensive land ML-M 20> H
C24

High VL-ML
Moderate price land M-MH Low VH Medium ML-MH

Relatively cheap land MH-VH Medium L-ML Low MH-VH
C3

Cheap land VH
C11

High H 0–5 km VH
North VL-L

C12
Low VL-ML 5–10 MH-VH

North-west L-ML Medium ML-MH 10–15 M-MH
East and west M-MH High MH-VH 15–20 ML-MC4

South-west and North-east MH-VH Low VL-ML

C25

20> VL-ML
South VH Medium ML-MH

C26

0–0.1 km VL
0–5 km VL-L

C13
High MH-VH 0.1–2 VH

5–10 L-ML
C14

Low VL-ML 2–4 MH-VH
10–15 M-MH Medium ML-MH 4–6 M-MH
15–20 MH-VH High MH-VH 6–8 M

C5

20> VH Low VL-ML 8> VL-L

C6

Critically forbidden plain with high water use technology VL C15 Medium ML-MH Low VL-ML
Critically Forbidden plain with moderate water use technology L High MH-VH Medium ML-MH

Critically Forbidden plain with low water use technology L-ML
C16

Low VL-ML
C27

High MH-VH
Forbidden plain with high water use technology ML-M Medium ML-MH

C28
Low VL-ML

Forbidden plain with moderate water use technology M-MH High MH-VH Medium ML-MH
Forbidden plain with low water use technology MH Low VL-ML High MH-VH
Permitted plain with high water use technology MH-H Medium ML-MH 0–1 km VL

Permitted plain with moderate water use technology H-VH
C17

High MH-VH 1–2 VH

Permitted plain with low water use technology VH C18

Long-term VL-ML 2–3.5 MH-VH
Mid-term ML-MH 3.5–5 M

Short term MH-VH

C29

5> VL-ML

C30
High VL-ML

Medium M-MH
Low MH-VH
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6. Assessing Novel Decision-Making Framework for the Study Area

The results will be discussed in the subsequent subsections. The first part is the
presentation of expert opinions based on previous-section data. The second part is also
related to determining the weights of the criteria using the F-SE. In the third part, the
scoring of the RE alternatives is done for North Khorasan Province based on the ARAS,
VIKOR, EDAS, and MOORA in a fuzzy environment. Then, after the normalization of the
obtained scores, their summation determines the highly suitable site for the study area. In
addition, the results of the ranking are analyzed in this part. Eventually, the sensitivity
analysis is provided according to different α-level values to establish the accuracy and
reliability of the proposed model.

6.1. Expert Opinions

RES strategies are intrinsically subject to different ideas and viewpoints. This subjectiv-
ity, rooted in human decisions, can lead to an inequitable attitude in individual judgments,
even for experts, as they might not have the essential knowledge regarding a problem.
Dependence on an expert also poses individual risks because of personal preferences and
limited experiences. Such risks can be dramatically decreased by considering more than
one expert in the process. A group decision-making process also includes two or more
experts with different roles (viz. industry, academic careers, etc.), who have the same
interest and realize the common problem in attaining a collective and comprehensive deci-
sion. Group decision-making is mostly better for avoiding the subjectivity and prejudice of
individual experts. Consequently, this study used a design and project management group
(DMG), seen in Table 4.

Table 4. The experts’ work inside the RE topic.

Symbol Expert Role

e1 Academic Economist. Study on social and economic viewpoints in the RE issue.

e2 Academic Ecologist. Analyze environment problem and impacts of RES on it

e3 Academic Concentrate on the sustainable development concept

e4 Employee in a government institution Work at power distribution company

e5 Employee in a government institution Work at regional water company related to the RE sector

e6 An employer in a RE installation company Engineer in RE projects

e7 An employer in a RE installation company Engineer in RE projects

e8 Supervising Engineer Perform RE projection on-site

Upon finding an experienced and suitable DMG in the field of RES in North Kho-
rasan Province, fundamentally based on each of the criteria, alternative location, and
their constraints (Sections 5.1–5.3), the experts could judge and give their opinions for
determining the weights of the criteria and ranking the alternatives. However, traditional
quantification classifications could have a problem in logically expressing the situations
that are excessively hard or complicated to describe, and consequently, linguistic attitude
could contribute a practical way to describe such conditions. Providing evaluators with
suitable linguistic variables to appraise the weight value of assessment criteria and judging
the performance ratings of all alternatives due to each criterion were thus vital within the
MCDM. Linguistic variables could be thus revealed by positive triangular fuzzy numbers.

In addition, experts could judge the alternatives due to their attitudes and alternative
features. There were even large pieces of data for collecting expert opinions for each
alternative and each criterion, so it was not suitable to put all of them in the current work
as a table or tables. However, this study attempted to show the relevant data using a figure
(Figure 8), indicating expert opinions so that each box is for one criterion, ensuring there
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is the number of expert opinions in each column while their summation is equal to the
number of experts (8).

Figure 8. The TFDM based on expert opinions.

An example is presented to better understand Figure 8, as follows in Figure 9:

Figure 9. The example of TFDM.

6.2. Weighting by the F-SE

After forming the FDM, its fuzzy data should be transferred into interval data. To
do this, α is considered equal to 0.4. The interval decision matrix (IDM) is displayed
in Figure 10.
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Figure 10. IDM.

An example is presented to better understand Figure 9, as follows in Figure 11:

Figure 11. The example of IDM.

Finally, after the completion of the steps of the F-SE based on the interval matrix
(Figure 10), the interval weights and mean weights were calculated as listed in Table 5.

Table 5. The interval and mean weights of the criteria (α = 0.4).

Criteria The Interval Weights Mean Weight Criteria The Interval Weights Mean Weight

C1 [0.0304, 0.0709] 0.0506 C16 [0.0260, 0.0607] 0.0433

C2 [0.0105, 0.0246] 0.0176 C17 [0.0053, 0.0124] 0.0089

C3 [0.0074, 0.0174] 0.0124 C18 [0.0408, 0.0953] 0.0680

C4 [0.0175, 0.0407] 0.0291 C19 [0.0090, 0.0209] 0.0150

C5 [0.0032, 0.0074] 0.0053 C20 [0.0026, 0.0061] 0.0043

C6 [0.0082, 0.0190] 0.0136 C21 [0.0602, 0.1405] 0.1003

C7 [0.0117, 0.0273] 0.0195 C22 [0.0222, 0.0517] 0.0369

C8 [0.0136, 0.0318] 0.0227 C23 [0.0071, 0.0165] 0.0118

C9 [0.0593, 0.1383] 0.0988 C24 [0.0328, 0.0766] 0.0547

C10 [0.0287, 0.0670] 0.0479 C25 [0.0148, 0.0346] 0.0247

C11 [0.0112, 0.0260] 0.0186 C26 [0.0021, 0.0049] 0.0035

C12 [0.0124, 0.0289] 0.0207 C27 [0.0043, 0.0101] 0.0072

C13 [0.0173, 0.0403] 0.0288 C28 [0.0663, 0.1547] 0.1105

C14 [0.0239, 0.0557] 0.0398 C29 [0.0124, 0.0289] 0.0206

C15 [0.0330, 0.0771] 0.0550 C30 [0.0059, 0.0137] 0.0098
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For this paper, the lower, upper, and mediocre values of the interval vector of each
criterion were considered with the names wL

i , wU
i , and wM

i , respectively.

7. Results and Discussion

The weighting results revealed that C28 (namely, social acceptability) accompanied by
C21 (NPC), C9 (noise pollution), C18 (construction time), and then C15 (energy potential)
were the most important criteria based on the mean weight, and indirectly with reference
to the experts’ interviews via the F-SE. These five criteria could cover approximately 44%
of the entire evaluation weight. The analysis of the significance of high weight criteria can
be enumerated as follows:

a. When studies are performed on a local scale, all project aspects are more concerned
with its social feedback. Various parameters such as literacy, unemployment, and
accident-related fatality rates can also have an impact on the environment, specially
protected areas, and water consumption in water-scarce communities and the ac-
ceptance or maturity of technologies are even among the factors that shape social
acceptability; hence, the given criterion is related to other ones. As a result, according
to expert opinions, and eventually, the results of the F-SE, this criterion gained the
first rank.

b. C21 had direct and indirect effects on all economic criteria, and it was one of the most
important criteria for each project under construction and study. In addition, due to
the fluctuations in the price of international currencies and the devaluation of the
national currency for consecutive years in Iran, the construction time of the project
(C18) could raise concerns among investors as it could directly affect the income and
costs of each project.

c. The criterion of noise pollution (C9) was considered at the high position because the
location of most of the studied alternatives was in densely populated areas, which
had a direct impact on the social welfare of those areas.

d. As mentioned in Section 2, some alternatives had high potentials in North Khorasan
Province, while others did not. Besides, from a local point of view, due to the
definite space, there are attempts to prioritize renewable plants, which have a high
production capacity, but at the same time, occupy less physical space. This issue
is directly related to the potential of REs in that area. It is for this reason that C15
(energy potential) gained the fifth rank among 30 criteria.

By determining the fuzzy weights of each criterion for the alternatives, the data
were obtained using the MOORA, VIKOR, EDAS, and ARAS in a fuzzy environment.
Next, the scores and ranks of the alternatives were accomplished by the combination of
these ranking techniques with the F-SE. After specifying all scores, they were normalized.
Thereafter, the normalized scores were aggregated to determine the ultimate score of any
alternative. Figure 12 depicts the final scores of the novel framework and each technique
for all alternatives.

Table 6 presents the final ranking of the alternatives based on the final scores, illus-
trated in Figure 12. The color of the alternative rows shows the technologies henceforth
yellow, green, orange, brown, pale blue, and dark blue, which stand for solar, wind,
biomass, geothermal, small-, and large-scale hydropower technologies, respectively. The
purple cell also denotes the best alternative, which is for A17. According to the results, all
the alternatives related to solar technology are at the top of the ranking followed by small
and large hydropower alternatives.
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Figure 12. The normalized and final scores of alternatives.

Table 6. The final ranking of alternatives.

Alternative A1 A2 A3 A4 A5 A6 A7 A8 A9 A10 A11 A12 A13
Rank 13 11 14 2 6 5 17 7 10 9 12 3 8

Alternative A14 A15 A16 A17 A18 A19 A20 A21 A22 A23 A24 A25 A26
Rank 18 15 4 1 16 33 25 36 35 37 39 34 32

Alternative A27 A28 A29 A30 A31 A32 A33 A34 A35 A36 A37 A38 A39
Rank 26 31 28 29 38 20 19 21 23 24 27 22 30

To calculate the score of the technologies separately from their number of candidates,
firstly, the ultimate scores of their alternatives were aggregated for each technology. Next,
the entire score of the technologies was discretized into the number of their alternatives
individually. At last, the computed ones were distributed in their aggregates to normalize
the scores.

There is clear evidence that solar technology is the best technology with the maximum
score (0.217), small hydropower arrives in second place (0.187), and large hydropower and
biomass energy are taking the third and fourth ranks with nearby scores. Lastly, wind
and geothermal technologies ranked bottommost. Given that all the alternatives of each
technology are in almost the same ranking range, the results of each technology will be
analyzed as follows.

7.1. Discussing the Obtained Results
7.1.1. Solar Technology Alternatives

The top ranking of solar candidates and, consequently, the rank of this technology
was expected because the solar resource is the best known for the country, experts, and the
public. Moreover, numerous home, commercial, and government solar projects in the study
area are currently in operation. According to expert opinions and the weight determined for
each criterion, the superiority of solar technology over others can be seen. More precisely,
C28 (social acceptability), C21 (NPC), C9 (noise pollution), C18 (construction time), and
then, C15 (energy potential) gained the highest weights (about 44% of the total). These
top-ranked criteria were related to the type of technologies and their scores were almost the
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same for the alternatives of each technology. Consequently, as depicted in Figure 8, they
have the highest scores for solar alternatives, showing why solar candidates are superior. In
the following paragraph, an expert opinion and his comparison between three top-ranked
alternatives are analyzed.

In this technology and the entire ranking procedure, A17, A4, and A12 are the first
three alternatives with 0.1325, 0.1291, and 0.1269 scores, respectively. Here, in addition to
the criteria, their constraints, which affect expert opinions and calculations, are compared
with each other to clarify why these three candidates are at the top of the ranking list. To
avoid over-increasing the paper, only the analysis for these three alternatives is performed.
Based on C15, A17 is in a better situation among the top-ranked alternatives because solar
energy potential in these alternatives is at a high level and its score is ten according to the
C15 constraint, while A4 and A12 are in medium solar potential and their score is between
3 and 7. Based on C1, A17 is in a better condition again because, as shown in Figure 5a, it
has been located in bare land (its score based on the constraint table is VH) but A4 and A12
are located in suburban agricultural land (its score range is VL) and poor range land (its
score range is MH-VH), respectively. For C10, the condition of A4 is better than A17 and
A12. It also gets a high score due to Figure 6c because its place is at a safe distance from
fault lines. The aspect criterion (C4) for A17, A12, and A4 is south (its score range is VH),
southeast (its score range is MH-VH), and east (its score is M-MH), respectively. Distance
from the substation (C25) is also 1.5, 20, and 100 km for A4, A12, and A17, respectively;
therefore, A4 score range is VH while that of A12 and A17 is M and VL-L in that order.
C29 and its constraints additionally show that A17 gets the perfect score while A12 and A4
reach 4 and 0. The project safety from flood criterion (C7) is important, which is great for
A17 and A4, while A12 is not good. The generation capacity of the plant (C11) is also in
a suitable range for A17 and A12; however, it is in the medium range for A4, so A17 and
A12 get the highest score, while A4 gets the medium value. Although the technology of
these alternatives is the same for C6, their scores vary because of their location. As can be
seen in Figure 6a, A4 and A12 are in forbidden plains, while A17 is in a critical plain from a
water extraction point of view; therefore, the score of water consumption criteria for A4
and A12 is better than A17. The maximum land use criterion (C3) for A17 and A12 is also
300 hectares while it is equal to 90 hectares for A4. At the first glance, because of the area
needed for the construction, it turns out that the land cost for A12 and A17 is higher than
A4; however, since A4 is located in the suburbs of the city of Shirvan, the land price in its
area is much higher than A12 and A17. Although A4 could outperform in this criterion,
it did not have the necessary efficiency in practice to put it in a higher rank. C27 is also
related to job creation, which depends on various parameters such as the capacity of the
power plant, the literacy status in the area, as well as the local unemployment rate. Besides,
A12 and A17 are in a better situation than A4 in terms of the capacity of the power plant
and literacy rate. However, the high unemployment rate in A4 has increased the incentive
to build a power plant, putting the status of this alternative in a more favorable position
than other alternatives for C27.

According to the above analysis, there is a significant point, viz. the difference in the
ranking of the alternatives located in the same region of the study area, which shows the
efficiency of the model presented in this study in addition to determining the importance
of selecting the criteria, constraints, as well as the weights and scores for each alternative.

7.1.2. Small- and Large-Scale Hydropower Alternatives

Small and large hydropower technologies gained second and third places in the final
ranking. The most negative feature of these technologies is the long-term construction time,
which causes an increase in the payback period; however, in this study, all the facilities of
the related alternatives had been built so that negative features were resolved before the
ranking process. As a result of this, land use and the type of land criteria for these types of
alternatives have high scores in comparison with other technologies. In addition, large- and
small-scale hydropower technologies are often located far away from the population center,
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so the noise pollution criterion for these technologies is in a good condition. Moreover, the
best features of these technologies are low NPC, low operation and maintenance (O&M)
cost, and good flexibility, which have high weights in the list of the criteria, so they are put
in the second and third rankings.

The main reason for the superiority of small scale over large scale is that the primary
purpose of large dams in this area is agricultural irrigation, so this type of hydropower has
less social acceptability. Moreover, the water purification system is constantly working and
can generate electricity in a continuous manner. Likewise, the guaranteed purchase price of
electricity on a small scale is higher than that on a large one. Considering large dams, Shirin-
Dareh and Barzo, located in the same name areas, are suitable after small-scale alternatives
because the amount of rainfall in the given areas is better than others (that is, higher energy
potential) and they are the largest dams in the study area, as well. Consequently, they
can be used as sources to compensate for power fluctuations and provide spinning and
regulation reserves.

7.1.3. Biomass Alternatives

As mentioned in Section 5.2.8 and Biomass Energy Capacity, one of the problems
not only in the study area but also in Iran, is landfills and waste recycling. Due to the
unsuitable location for landfilling, significant environmental and social challenges have
thus arisen in the cities of North Khorasan Province. In addition to the urban sector,
agricultural and industrial wastes have also intensified this challenge. Therefore, this has
caused a very high impact on local experts, so the second high score of social acceptability
criterion has been assigned to it after solar technology. It is also second only to hydropower
technology in the NPC, and the government has encouraged investors to meet the above-
mentioned challenges by considering the second affordable price for a guaranteed purchase
of electricity from this system. Furthermore, easy access to power plant resources and
locations, a short distance from the substations, and a shorter construction time, are other
advantages of this technology, which puts it in the fourth place. The negative features of
this technology, such as CO2 emissions, short-term useful life, high maintenance costs, and
low capacity are also the factors that have made this technology, not to be ranked higher.

Among the alternatives of this technology, A27 and A28 are ahead of the others
because the technology maturity and the concentration of its resources in one location (i.e.,
availability and energy potential) are higher.

7.1.4. Wind Technology Alternatives

This technology, despite being highly popular among REs, is the one rank before
the last in the present study area. The main reason is that most of these technology
alternatives are located near residential areas or around protected ones, which have low
social acceptability and high construction costs due to technical characteristics such as
noise pollution and high lands required for their construction. Moreover, SATBA has
classified the wind alternatives based on the classification of the United States Department
of Energy, so most of them are in the first class (namely, poor). This class is not suitable for
the construction of a wind farm compared with other parts of the country because of low
energy potential and minimal accessibility due to high uncertainty.

A24, as one of the alternatives of this technology, is the worst in the final ranking. The
A24 location is also next to Golestan National Park, causing the lowest score for social
acceptability among all alternatives. In addition, this region has inadequate geographic
features for constructing power plants because, in addition to the inappropriate land-use
type (i.e., forests), it has a steep slope and unsuitable aspects, leading to more time con-
sumption and high costs of construction. Moreover, there is wildlife in this park; therefore,
constructing a wind farm is not optimal because of the noisy nature of wind technology.

On the other hand, among the alternatives of this technology, A20 has been able to
obtain a good rank because of the high potential of wind energy at that location, a perfect
distance from urban and protected areas, and the appropriate type of land use for the
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construction of this power plant. The special point explained here is that A20 is next to
the best alternative of the final ranking (viz. A17), while its rating is not better than A25.
Therefore, it reveals the importance of selecting the criteria and defining the appropriate
constraints for such studies in addition to showing the great performance of the proposed
model. Accordingly, these two alternatives (namely, A20 and A17) can be introduced
together as a suitable hybrid RE system.

7.1.5. Geothermal Alternatives

The ranking of this technology was expected. In general, the maturity of this tech-
nology is very low in Iran so that the first geothermal power plant in the best geographic
region will be operationalized around 2022. The low technology maturity criterion unques-
tionably causes the provision of equipment to be done through imports, which increases
the construction time of the power plant and imposes a significant cost in the construction
of geothermal projects due to the devaluation of Iran’s national currency compared with
its’ international counterparts (i.e., euros and dollars). Furthermore, the proximity of this
location to the village and its type of land use (namely, agriculture, housing, and tourism),
in addition to creating environmental hazards caused by harmful GHG emissions, also
multiplies the costs of land supply. This area and its hot spring are one of the tourist
and religious attractions for locals and tourists, especially since people believe that such a
spring belongs to Ayoub the Prophet, so the construction of a power plant at this location
would receive minimal social acceptability.

7.2. City Ranking

Each alternative was located in a city, although the allocation of government funds
is different. Therefore, it is necessary to find out how the budget should be dedicated to
the RE sector for the cities of this province. In this paper, a new scheme was presented
to prioritize the cities based on their candidacy for investment. The ultimate scores of
the alternatives in each city were thus summed up. Later, the whole score of each city
was discretized into the number of its alternatives. Eventually, the measured scores were
divided into their summation to normalize them. Figure 13 depicts these scores.

Figure 13. The scores of the cities affiliated to North Khorasan Province.

As indicated in Figure 13, the southern cities of the study area (namely, Jajarm, Garmeh,
and Esfarayen) have the top three scores among the cities in this province.
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7.3. Sensitivity Analysis

In the research process, alpha to selection was significantly correlated with the ranking
of the alternatives when using the SE so that the same results were obtained with different
alphas, indicating that the decision-making framework had robustness and reliability.
Therefore, in the first part, sensitivity analysis was performed on different values of α-cut
to test the strength and reliability of the proposed method.

While using the SE, sensitivity analysis aimed to test its strength and reliability. The
ranking results were also the same or close to each other, showing that the decision-making
method was strong. On the other hand, the alpha to selection was directly related to
the decision-makers’ tastes so that higher alpha suggested strict accuracy, while lower
alpha meant higher confidence in the results. In other words, the risk-averse decision-
maker selected higher alpha because of their unwillingness towards uncertainty, while the
decision-maker who opted for lower alpha was risk-averse. Therefore, sensitivity analysis
was performed to test the robustness of the ranking obtained, considering the four levels
of α-cut (namely, 0.1, 0.4, 0.7, and 0.9). The final ranking of the alternatives for these four
levels can be seen in Table 7.

Table 7. The final alternative ranking based on different sets.

level sets A1 A2 A3 A4 A5 A6 A7 A8 A9 A10 A11 A12 A13

α = 0.1 13 11 14 2 6 5 17 7 10 9 12 3 8

α = 0.4 13 11 14 2 6 5 17 7 10 9 12 3 8

α = 0.7 14 10 11 2 5 4 18 9 12 6 7 3 8

α = 0.9 13 10 11 2 5 4 18 9 12 7 6 3 8

level sets A14 A15 A16 A17 A18 A19 A20 A21 A22 A23 A24 A25 A26

α = 0.1 18 15 4 1 16 32 36 25 35 37 39 34 33

α = 0.4 18 15 4 1 16 33 36 25 35 37 39 34 32

α = 0.7 16 15 13 1 17 33 36 30 34 38 39 35 32

α = 0.9 16 15 14 1 17 33 36 31 34 38 39 35 32

level sets A27 A28 A29 A30 A31 A32 A33 A34 A35 A36 A37 A38 A39

α = 0.1 27 31 26 29 38 20 19 21 23 24 28 22 30

α = 0.4 26 31 28 29 38 20 19 21 23 24 27 22 30

α = 0.7 21 27 24 25 37 20 19 22 26 28 29 23 31

α = 0.9 21 27 24 25 37 20 19 22 26 28 29 23 30

The results in Table 7 show that the proposed model has a fine balance between
accuracy and reliability and even possesses good robustness because it has resulted in
almost the same ranking in all of the four levels that have been analyzed.

8. Conclusions

With the increasing purposefulness in the RES development through the fulfillment
of the UN’s SDGs, the promotion of their advancement process has become a major focus
in the decision-making process not only internationally, but also in different parts of a
nation. This promotion includes identifying the suitable areas of RE technologies, to the
operation stage of an RE project to generate electricity. In this regard, the purpose of this
study was to present a comprehensive decision-making framework to enable governments
and experts to identify the high potential RE locations for constructing RE power plants
and achieving SDGs at the sub-national level. Therefore, this framework consisted of two
phases. In the first phase, the new SATBA’s approach was used, in which this organization,
in cooperation with the study area’s organizations, has created a mixed database of RESs
based on the information obtained from field-statistical work in technical, socioeconomic,
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and environmental dimensions. Finally, in this approach, all the data had been entered into
the GIS software and the high potential RE alternatives were identified. For the current
work, North Khorasan Province of Iran was selected as the study area.

In the second phase, using the novel model based on expert opinions, the local high
potential RE alternatives were ranked. In this regard, this new model was composed
of both hybrid and fuzzy states to solve the problems in which there were uncertainty,
imprecise data, different expert opinions, and multi-dimensions, including geographical,
socioeconomic, technical, and environmental ones. Therefore, in this novel model, first, the
TFDM needed for weighting and ranking techniques was created via a series of interviews
with eight experts, considering 30 criteria as well as the related constraints. Next, the F-SE
was used for calculating the weights of all criteria, and the F-MOORA, F-VIKOR, F-EDAS,
and F-ARAS techniques were employed to score all alternatives.

Among 30 criteria, 20 cases were extracted via Phase 1 results, and the rest were
retrieved from the literature. Moreover, the accuracy and reliability of the proposed two-
phase framework were evaluated by performing a sensitivity analysis based on different
α-level values. Eventually, the findings of the proposed two-phase decision-making frame-
work to achieve the SDGs in North Khorasan Province at the sub-national level were
as follows:

a. The results of Phase I of this framework introduced high potential RE candidates
for each RES, useful and applicable information such as estimated capacity, distance
from substations and transmission lines, the type of land and area required for power
plant construction, and the distance from residential areas for investors and experts
working in this field. This approach had some advantages in terms of saving time
and money when identifying RE candidates and gathering information. Therefore,
this approach could help achieve the country’s RE development goals following
the accelerated RE project implementation, and consequently, meet the UN’s SDGs
related to RE. Therefore, it was introduced as a new sub-national approach to other
countries, planners, and policies.

b. The results of determining the weights of the criteria revealed that social acceptability
(C28), NPC as the economic criterion (C21), the environmental criterion of noise
pollution (C9), and the technical criterion of construction time (C18) and resource
potential (C15) were the most important ones in the present study so that 44% of the
total weight was dedicated to them. This weighting also showed that the criteria
were indirectly related, and they could affect each other because the relationships
among the criteria were also considered in the interviews with experts.

c. Because of the sanctions imposed on Iran and the problems facing the import of
modern technologies, the technical criteria of the alternatives with the same technol-
ogy were almost equal and had insignificant variety. The only noteworthy criteria,
making the different alternatives of the same type, were the resource potential and
other criteria related to the location such as the distance from the road. On the
other hand, the high weights were dedicated to the criteria, common among the
alternatives of the same technology. Therefore, in the overall ranking, almost all
alternatives of the same technology obtained the ranks next to each other so that they
were classified based on their technology. In this classification, solar technology came
in the first rank with a score of 0.218 and small- (0.187) and large-scale hydropower
(0.168), biomass (0.162), and finally, wind (0.141) and geothermal (0.124) alternatives
were put in the subsequent ranks, respectively.

d. The RE candidates were scattered in the study area, which belonged to the political
geography of the city. Therefore, it was necessary to do the urban ranking because
if government funds were allocated to that area, the priority of the project would
be considered. Consequently, at the end of the decision-making phase, based on
the scores of the RE candidates located within a city, the cities were ranked. In this
ranking, Jajarm, Garmeh, Esfarayen, Shirvan, Faruj, Bojnord, Ashkhaneh (Maneh and
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Samalqan), Raz, and Jargalan were ranked from first to eighth with the scores of 0.139,
0.137, 0.135, 0.13, 0.12, 0.118, 0.116, and 0.105, respectively.

e. The novel two-phase decision-making framework consisted of a practical approach as
well as a new mathematical model. In this regard, first, the results of this framework
were compared with a real project. The city of Jajarm and solar technology also gained
the first rank among other cities and technologies. Second, sensitivity analysis was
performed based on different levels of α-cut, suggesting a range of decision-makers’
tastes from risk aversion to risk-taking. The results of the sensitivity analysis also
indicated that the mathematical model possessed good robustness and was able to
strike a good balance between accuracy and reliability so that it could satisfy a wide
range of experts with different opinions and tastes.

Other criteria could also be added to make the model more realistic and practical,
such as local policies, return on investment, innovation, and reliability. For future research,
it is accordingly suggested to use similar work with the proposed criteria, and to evaluate
other regions at a sub-national level using the framework presented here.
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Nomenclature

GDP Gross domestic product
TFDM trigonometric fuzzy decision-making matrix
AORCR Assessment Office of Renewable and Clean Resources of SATBA
Ref. References
VL Very low
L Low
ML Medium low
M Medium
H High
MH Medium high
VH Very high
F- Indicates fuzzy state
i Indicates alternative i-th
j Indicates criterion j-th
m The number of alternatives
n The number of criteria
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∼
Z trigonometric fuzzy decision-making matrix
∼
Zij The value of interval variable for alternative i and criterion j
Sa The overall score indicator in ARAS method
FSi The final score of decision-making framework
L Lower bound
U Upper bound
M Middle of the fuzzy values
wL

i the lower bound of the interval weight of a criterion
wU

i The upper bound of the interval weight of a criterion.
wM

i The middle value of the interval weight of a criterion.
Sm The overall score indicator in MOORA method
Sv The overall score indicator in VIKOR method
Se The overall score indicator in EDAS method
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